Stanniocalcin (STC) is a homodimeric glycoprotein hormone implicated in calcium and phosphate regulation in both teleost fish and mammals. In the present study, immunostaining with salmon STC antiserum demonstrated that STC cells were localized in both the corpuscles of Stannius (CS) and in specific cells of the distal renal tubules of the silver arawana, Osteoglossum bicirrhosum, an ancient ray-finned fish (actinoptergian) and basal teleost (Order Osteoglossiforme). The morphology of these STC-immunoreactive kidney cells was similar to renal 'chloride' (mitochondrial-rich) cells. The immunoreactive renal cells were present in two of three other osteoglossiformes and absent in the gar, a nonteleost actinopterygian and the eel, another basal teleost. The arawana STC cDNA encodes a prehormone of 249 amino acids (aa) with a signal peptide of 31 aa and a mature protein of 218 aa. The deduced aa sequence of arawana STC shows 54 -66% identity with other teleost STCs and 51 -52% identity with mammalian STC-1. The deduced aa sequence of arawana STC contains ten cysteines, compared with 11 in teleost STC and in mammalian STC-1. The cysteine substitution occurs at the site of inter-monomeric disulfide linkage. Western blot analysis revealed a single 21 kDa band under non-reducing conditions, and a single band of 25 kDa under reducing conditions. These data indicate that arawana STC exists as a monomeric peptide. Northern blot analysis detected a 3.3 kb STC mRNA confined to the CS, with no hybridization signal in either the remaining kidney or in gut, muscle, brain and heart. The significance of the STC signal in cells of the renal tubules of arawana and two other Osteoglossiforme species requires further investigation. This is the first report of a monomeric form of STC in any vertebrate and the first evidence of STC in renal tubules of adult fish.
Introduction
Stanniocalcin (STC), is the principal hypocalcemic factor originally associated only with the Osteichthyes (Wendelaar Bonga et al., 1985; Wagner et al., 1986; Lafeber and Perry, 1988) . This glycoprotein hormone is synthesized and secreted by small kidney-associated endocrine glands referred to as the corpuscles of Stannius (CS). Recently, molecular cloning technologies have identified molecules with striking similarities to STC encoded in mammalian genomes (Chang et al., 1995; Wagner et al., 1995; Chang et al., 1996; Olsen et al., 1996) which also appear to play a role in mineral metabolism (Lu et al., 1994; Olsen et al., 1996; Wagner et al., 1997a) . Interestingly, whereas the synthesis of piscine STC is confined to the CS, mammalian STC gene expression appears to be more wide spread and, therefore, the hormone may function in a paracrine rather than in an endocrine manner (Chang et al., 1995) . Recently, Wagner et al. (1995) , De Niu et al. (1998) demonstrated that certain cells of the human kidney are one likely source of immunoreactive STC. To date, no extracorpuscular sources of STC have been characterized in adult fishes.
Previous researches into the CS of fish suggested that they are embryologically derived from the pronephric and/or mesonephric ducts (Garrett, 1942; Kaneko et al., 1992) . The bowfin (Amia cal6a) is the most ancient extinct species know to possess these glands and it has several hundred CS many of which have an intimate association with distal renal tubules (Youson et al., 1976) . It has been suggested that this type of arrangement in the bowfin (holostean) reflects a more ancestral organization compared with the reduced number of more posteriorly distributed CS in the more modern bony fishes, the teleosts (Youson et al., 1976; Bauchot, 1953) .
STC have been isolated and partially sequenced from several salmonid species (Wagner et al., 1986; Sundell et al., 1992) and the Australian eel (Butkus et al., 1987) . The nucleotide sequence of STC mRNA and the deduced amino acid sequence have been reported from the Australian eel (Butkus et al., 1987) and coho salmon . The complete amino acid sequence of STC isolated from chum salmon (Yamashita et al., 1995) has been elucidated. STC is a glycosylated homodimeric protein consisting of two identical, disulfide-linked polypeptide chains with a distinct primary structure among known proteins. The location of inter-and intra-molecular disulfide linkages in chum salmon has been determined (Hulova and Kawauchi, 1999) . Chum salmon STC is a homodimer connected by a single inter-monomeric disulfide bond and it contains five intra-monomeric disulfide bonds.
The Osteoglossiforme order occupies a unique taxonomic position in the ray-finned fishes (Actinopterygii) in that it is intermediate to the early Neopterygii and the more recent Teleostei (Nelson, 1994) . Since osteoglossiformes are among the most ancient order of the Teleostei division, an examination of their STC is interesting from both an evolutionary and a comparative viewpoint. An analysis of the ancient forms of the CS and STC is necessary in order to develop a conceptual framework for understanding not only the nature of this endocrine tissue and its product(s) but also for understanding both the phylogenetic and ontogenetic development of these elements in vertebrates.
The present study provides evidence for the presence of an extracorpuscular localization of STC in the osteoglossomorph, silver arawana (Osteoglossum bicirrhosum) and other osteoglossiformes. Furthermore, STC cDNA was cloned from the silver arawana and the deduced amino acid sequence of the STC revealed a heretofore unique substitution for a cysteine critical for inter-monomeric linkage.
Materials and methods

Materials
Adult silver arawana, O. bicirrhosum, and other osteoglossiformes (see below) were purchased from a commercial supplier (Toronto, Canada). The CS, kidneys and various control tissues [gut, brain, heart and muscle] from all the arawana and the species listed below were harvested and either fixed in Bouin's fluid for 24 h or frozen in liquid nitrogen and stored at − 80°C until their use. Total RNA was extracted from the frozen tissues with TRIzol Reagent (Gibco) using the procedure specified by the manufacturer. CS from three other species of osteoglossiformes (butterfly fish, Pantodon buchholzi; featherfin knifefish, Chitala chitala; elephantnose, Gnathonemus petersii ), the American eel (Anguilla rostrata), and the gar (Lepisosteus osseus) were also extirpated and fixed as above. CS was also collected from the white sucker (Catostomus commersoni ). The gar and white sucker were obtained from the Lake Ontario watershed.
Immunohistochemistry
The specimen tissues, were fixed for 24 h in Bouin's solution, dehydrated in a graded series of ethanols, and embedded in paraffin. Adjacent sections were cut at 7 mm thickness, mounted on glass slides and then deparaffinized, rehydrated and equilibrated in Trisbuffered saline (TBS) before subjecting them to the following procedures. The peroxidase-labeled-[strept]avidin-biotin (Elias et al., 1986) staining method was used to localized the cellular sites of STC immunoreactivity. A 1:1000 dilution of chum salmon STC antiserum (Sundell et al., 1992) and the HISTOSTAIN-SP AEC immunostaining kit (Zymed Laboratories Inc., San Francisco, USA) was applied to some sections according to the manufacturer's instructions. A negative control on adjacent sections consisted of either, a similar dilution of antiserum which had been preabsorbed with salmon STC antiserum, preabsorbed with crude CS extract or substitution of the antiserum with either normal rabbit serum (NRS) or phosphatebuffered saline (PBS). Labeled tissue sections were counterstained with haematoxylin to enhance contrast. Adjacent, untreated tissue sections were also stained with the periodic acid-Schiff (PAS) technique as previously described (Marra et al., 1995) .
Immunocytochemistry
The procedure for localization of STC immunoreactive cells in the CS has been previously described and involves protein-A gold (Marra et al., 1995) . In order to characterize STC immunoreactive renal cells at the electron microscopic level, arawana kidney tissue proximal to the CS was excised and fixed in 4% paraformaldehyde and 0.1% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) for 3 h. The tissue was then snap frozen in liquid nitrogen and cut at 50 mm thickness using a vibratome. After the blocking of endogenous peroxidase actions and several buffer washes, the tissue sections were stained with anti-salmon STC (1:1000), incubated overnight at 4°C in a moist chamber, followed by a 30 min incubation at room temperature with biotinylated secondary antibody (1:50) and then incubated for a further 30 min at room temperature with a peroxidase-antiperoxidase enzyme conjugate (1:50). Peroxidase activity was revealed by incubating the tissue sections in buffered H 2 O 2 containing DAB. After the sites of immunoreactivity were visualized by a dissecting microscope, the tissue sections were trimmed of excess tissue, washed in PBS (3×10 min), postfixed with 1% OsO 4 to enhance contrast, dehydrated, and embedded in an epoxy resin. The negative controls were as in immunohistochemistry.
Western blot analysis
Frozen CS were homogenized in PBS (pH 7.4) containing 5 mM phenylmethylsulfonylflouride, centrifuged at 12 000×g for 30 min, and the supernatants pooled. The crude CS extract was diluted in SDS sample buffer 1:1, the proteins were separated by SDS polyacrylamide gel electrophoresis in 12% gels either in the presence, or in the absence, of reducing agents (b-mercaptoethanol). The protein bands from the gel were electroblotted (250 mA 2 h) onto a nitrocellulose membrane (Laemmli, 1971) and incubated with 1:6000 dilution of antiserum against chum salmon STC (Sundell et al., 1992) for 90 min at room temperature. This procedure was followed by an incubation in a 1:1000 dilution of peroxidaselinked donkey anti-rabbit gamma globulin. Immunoreaction was detected using a ECL Western blotting detection reagents kit (Amersham Pharmacia).
PCR amplification
Internal partial cDNA clone
Single-strand cDNA was prepared from the total RNA (1 mg) at 42 for 60 min using Moloney murine leukemia virus reverse transcriptase accompanied with a Omniscript RT Kit (QIAGEN) and d(T) 18 primer. All procedures were performed according to the manufacturer's manuals. The two primers, a forward primer A, 5%-GA(AG)GTICA(AG)GA(AG)GA(AG)TG(TC)TA-3% and a reverse primer B, 5%-TA(AG)TAIC(TG)(AG) TTIGG(AG)AA-3%, were designed on the basis of conserved aa sequences among the known STCs (Fig. 4) . Using these primers, internal partial fragments of arawana STC cDNA were amplified with 1 ml of the cDNA, 25 pmol of each primer, and 2.5 U of HotStarTaq DNA polymerase (QIAGEN) in 50 ml volume of Taq reaction buffer by polymerase chain reactions (PCR). The reactions were carried out after denaturation at 94°C for 15 min for 30 cycles (30 s at 94°C, 30 s at 50°C, 1 min 30 s at 72°C) and a final extension for 5 min at 72°C. The sample was rapidly cooled to 4°C and analyzed on agarose gel. 2.5.2. 5% and 3% partial cDNA clone 5% and 3% regions of arawana STC cDNA were amplified using SMART RACE cDNA Amplification Kit (CLONTECH). Primer C, 5%-CTGAGCTACCTCTCC-GATGG-3%, was synthesized based on the nucleotide sequences of internal partial cDNA clone of arawana STC (Fig. 4) . Primer C and an anchor primer provided in the kit were used for PCR. The reactions were carried out after denaturation at 94°C for 15 min for 30 cycles (1 min at 94°C, 30 sat 55°C, 2 min at 72°C) and a final extension for 5 min at 72°C. Primer D, 5%-ACAGTATTCCTCACCTCCAC-3%, was designed on the basis of the sequence of the 5% partial clone of arawana STC cDNA (Fig. 4) . Primer D and an anchor primer provided in the kit were used to amplify product by PCR as described above.
DNA sequence analysis
The PCR product was inserted into plasmid pCR II-TOPO or pCR XL-TOPO (Invitrogen) and subjected to sequence determination on both strands using Dye Terminator Cycle Sequencing Ready Reaction Kit (Applied Biosystem). To compensate for the errors associated with PCR, at least three independent PCRs including subsequent cloning and sequence analysis were performed on each 5%-and 3%-terminal region. All PCR products were sequenced on an ABI 377 automated DNA sequencer at the Hospital for Sick Children DNA sequencing facility (Toronto, Canada).
Northern blot analysis
Total RNA (10 mg) from each of arawana CS, kidney, gut, heart, and brain were dissolved in 5 ml of deionized water and 15 ml of formaldehyde load dye (Ambion) was added. The RNA samples were incubated at 65°C for 15 min. The total RNA was electrophoresed on a 1% agarose/6.6% formamide gel containing 1× MOPS buffer. The RNA was transferred to a nylon membrane and was fixed by microwave. The 5% partial clone of arawana STC cDNA was labeled with [ 32 P]dCTP by random priming. The membrane was hybridized for 16 h at 42°C and washed twice at room temperature in 2× SSPE containing 0.1% SDS for 10 min followed by two further washes at 60°C in 0.1× SSPE containing 0.1% SDS for 20 min. After the final washing the membrane was exposed to X-ray film at −80°C for 2 days. (Fig. 1a, b) The CS had a connective tissue capsule which separ-ated them from the surrounding renal tissue and which ramified the parenchyma as septa. The connective tissue also contained the neuro-vascular elements. Epithelial cells, grouped into lobules, made up the glandular parenchyma. The PAS reaction (results not shown) demonstrated the gland cells to be of variable staining intensity but the cytoplasmic granules of the majority of cells stained positively. In adjacent sections, cells immunoreactive to the probing antibody (Fig. 1b) were closely correlated with those cytoplasmic areas stained by the PAS technique and the results were similar to those previously described (Marra et al., 1992 (Marra et al., , 1994 (Marra et al., , 1995 . Immunoreactivity of the cells confirms the corpuscles as the CS. The specificity of the immunolabelling was confirmed by the low levels of background staining in the surrounding supporting tissue (Fig. 1b) and by the abolition of the reaction in the CS and in almost all adjacent tissues under control conditions. These results are indicative of the specificity of the chum salmon STC antiserum for the gland cells of the CS of the arawana.
Results
Immunohistochemistry
Interestingly, it was also noted that certain cells of the distal renal tubules were also STC immunoreactive (Fig. 1a) . In light of these results we attempted immunohistochemistry, under the same conditions described, on Bouin's-fixed renal tissue from the ancient Neopterygii, the gar (L. osseus), the basal teleost, the American eel (A. rostrata) and on three other species of osteoglossomorpha (butterfly fish, P. buchholzi; featherfin knifefish, C. chitala; elephantnose, G petersii ). No extracorpuscular STC-like immunoreactivity was noted in eel, gar or elephantnose but the butterfly fish and featherfin knifefish had immunoreactive cells in the distal renal tubules. The low levels of background staining in the surrounding connective, vascular, and nervous tissues was indicative of the specificity of the chum salmon STC antiserum for the STC-immunoreactive renal cells. The positive staining reaction was abolished in adjacent sections when the primary antiserum was preabsorbed with salmon STC.
3.2. Immunocytochemistry (Fig. 2a, b) When the gland cells were treated with the chum salmon STC antiserum in order to localize STC, gold particles were exclusively localized over the secretory granules of the CS cells (Fig. 2b) . STC immunoreactivity was abolished in the CS cells by preabsorbing the probing antibody with salmon STC or substituting NRS or PBS in place of the chum salmon STC antiserum, indicating that these cells were STC-specific. The diffuse distribution of the STC-immunoreactive cells required that we use an immunological procedure that permitted identification of cells in the light microscope before embedding and preparation for electron microscopy. In kidney tissues from arawana which had been incubated in the primary antibody and then again in DAB, reaction product was primarily localized in the cytoplasm of specific cells of the distal renal tubules (Fig. 2a) . The cells were characterized by an abundance of mitochondria and smooth tubules. Cells of similar description have been termed mitochondria-rich cells or renal chloride cells in the kidney of other ray-finned fish (Youson and Butler, 1988) . Adjacent cells, with few mitochondria and smooth tubules, were devoid of reaction product. The reaction product in the cells of the distal renal tubules was primarily localized as electrondense deposits in the cytoplasmic matrix or associated with mitochondrial, tubular or plasma membrane. No reaction product was present in the mitochondrial matrix, in the tubular lumina or in any secretory granules. Only a minor deposition of reaction product was noted on collagen fibrils of the extracellular matrix and the endothelium of sinusoids below the reactive renal cells. Negative controls showed no reaction product.
Western blot analysis
Western blot analysis of arawana and white sucker CS extracts yielded distinct immunoreactive bands (Fig.  3) . Under reducing conditions the putative arawana STC monomer migrates with an apparent molecular weight of 24 kDa whereas white sucker STC monomer migrates as a 29 kDa band. Under non-reducing conditions, the white sucker STC exists as a dimer with a molecular weight of 48 kDa. However, in arawana, a single 21 kDa band was found under non-reducing conditions (Fig. 3) . This immunoreactive product in arawana represented a single monomer since it is similar in size to the white sucker momomer.
Cloning and sequencing analysis of STC cDNA for Arawana
Three clones, which were amplified by PCR spanned the complete arawana STC cDNA (Fig. 4) . Primers A and B amplified in PCR a cDNA corresponding to base numbers between 476 and 551 from arawana CS cDNA (Fig. 4) . This clone was identified from its deduced amino acid sequence to encode an internal region of arawana STC cDNA which is well conserved among known STCs. Based on the nucleotide sequence of this internal region, primer C was synthesized for amplification of the 5%-terminal region. PCR, using primer C and an anchor primer, amplified a 5%-terminal region including base numbers 1-519. PCR, using primer D and an anchor primer, amplified a 3%-terminal region including base numbers 28-2807. These PCR-amplified cDNAs provided the entire sequence of arawana STC cDNA (Fig. 4) . The arawana STC cDNA consisted of 2807 nucleotides (nt) excluding the poly (A) tail (Fig. 4) . The STC cDNA is composed of 95 bp in the 5%-untranslated region, 747 bp coding for the preSTC, and 1965 bp in the 3% untranslated region. The hexanucleotide AATAAA is the typical polyadenylation site located 15 nt upstream of the poly (A). The open reading frame of arawana STC cDNA encodes 249 aa residues. Sequence comparison with preSTCs from ray-finned fishes (Butkus et al., 1987; Wagner et al., 1992; Yamashita et al., 1995) reveals that the first 31 aa sequence of arawana pre STC is a signal peptide. Accordingly, arawana STC is composed of 218 aa residues. The deduced amino acid sequence shows that the arawana STC contains ten cysteines at positions 12, 21, 26, 32, 41, 65, 81, 95, 102 and 173 , whereas the other teleost STC and mammalian STC-1 have 11 cysteines (Fig. 4) . The codon for Arg169 in arawana STC is CGC and a change in the first nucleotide to T forms Cys (Fig. 4) . Arawana STC has a N-glycosylation site at position 29-31 (Asn-Ser-Thr). The position of the glycosylation site is common in STC across all species.
Northern blot analysis
Northern analysis detected a 3.3kb STC mRNA expression in the CS (Fig. 5) . The value is comparable to the size of the STC cDNA (2807 nt) without the poly (A) tail. No hybridization signal is apparent in either the kidney, gut, muscle, brain, or heart (Fig. 5) . These results suggest that expression of the arawana STC mRNA is confined to the CS.
Discussion
This is the first report of renal STC-like immunoreactivity in adult vertebrates that possess a corpuscle of Stannius (CS).
In the bowfin, an holostean actinopterygian with ancient linkage to teleosts, several hundred CS are scattered throughout the kidney (Youson et al., 1976) , many in close association with renal tubles. Immunoreactivity to the anti-salmon STC is localized within the CS of the bowfin and not in the renal tubules (Marra et al., 1992) . In mammals, STC immunoreactivity is localized to certain cells of the kidney (Wagner et al., 1995) , but there are no CS. The present results on renal STC may be significant from an evolutionary viewpoint since the STC immunoreactive profile which we now describe among the Osteoglossomorpha may represent an intermediate phylogenetic arrangement between the more ancient vertebrates and those with a more modern lineage. The results are also connected to the ontogenetic history of the CS. Recent research on the ontogeny of the CS (Kaneko et al., 1992) suggests that the CS develop from individual cells that first appear among the epithelial cells of the embryonic nephric ducts. If there is a renal origin for the CS of osteoglossomorpha, the adult renal cells although not synthesizing STC appear to have the ability to concentrate this hormone.
The immunoreactivity in the renal epithelium is localized to membrane and cytoplasmic matrix of cells that do not have secretory granules and cell organelles reflecting a high rate of protein synthesis and secretion. In contrast, the presence of STC-like immunoreactive cells with an ultrastructure similar to renal chloride (mitochondrial-rich) cells suggests a role of the hormone in renal ion movement. Support for this view is found in the now established role of STC in renal phosphate movement in both fish and mammals (Lu et al., 1994; Wagner et al., 1997a,b) . It has been implied that renal chloride cells of the bowfin might be expected to be involved in mineral metabolism and reflect the marine origins of this holostean (Youson and Butler, 1988) . Osteoglossiformes are exclusively freshwater in nature, and, therefore, phosphate homeostasis would be a definite challenge. A renal source of STC would be an asset to this aspect of mineral metabolism and may be important to the phylogenetic development of the Osteoglossomorpha. It is noteworthy, however, that one of the osteoglossomorpha, elephantnose, did not show STC immunoreactivity in the kidney tubules. Whether there is either a physiological or phylogenetic significance to this variance requires further analysis. In addition, it must be established whether the intense immunoreactivity for STC on or near the membrane of these renal cells reflects STC which is free or bound to a STC receptor. Fig. 5 . Northern blots of total RNA isolated from corpuscles of Stannius (CS), kidney, gut, muscle, brain and heart from arawana. RNA was hybridized with a 32 P-labelled, 5% partial clone of arawana STC(1-519). Equal loading of lanes was confirmed by staining with ethidium bromide.
Interestingly, whereas STC-immunoreactive cells were localized in the distal kidney of the arawana (Figs. 1 and 2), no hybridization signal on the Northern blot is apparent in the kidney (Fig. 5 ). There are a number of possible explanations for this result. First, there are too few STC-immunoreactive cells found in the kidney tissue. It is assumed that this inability to detect STC mRNA in kidney was related to sensitivity since it is difficult to estimate the relative content of the STC mRNA in the kidney tissue. Second, it is possible that there may be a different form of STC molecule in the kidney, and as a result, it could not be detected using the STC probe which we used. Recently, two cDNAs encoding proteins, STC-1 and STC-2, homologous to fish STC have been identified in humans and rodents (Chang and Reddel, 1998) . Wagner et al. (1998) demonstrated the presence of two forms of STC in the Atlantic salmon and Verbost et al. (1993) gave strong evidence for two bioactive principles in the CS of both tilapia and rainbow trout. However, at present, it is difficult to say whether these STC isoforms represent differential posttranscriptional processing of the STC message or the expression of more than one STC gene-related product. Third, it is possible that arawana STC mRNA was not expressed in the kidney. When attempts to detect STC mRNA by Northern blot failed, we performed RT-PCR to detect the mRNA. Several different conditions for RT-PCR were used with the primer C and D but no signal was obtained (methods and data not shown). It is assumed that renal STC-immunoreactive cells have the receptor for STC so that STC antibody actually binds to the STC that has bound to the STC receptor. Given the morphology of the immunoreactive renal cells and our Northern blot analysis of renal and other tissues, we tend to favor the view that extracorpuscular expression of STC mRNA does not take place in Osteoglossomorpha species.
The arawana STC shows the highest aa sequence identity (Fig. 6 ) with the Australian eel (66%), compared with the coho salmon (63%), chum salmon (54%), mouse STC-1 (52%), human STC-1 (51%), mouse STC-2 (27%), and human STC-2 (25%). It is noteworthy that the highest sequence identity is between elopomorpha (eel) and osteoglossomorpha (arawana), for both are basal teleosts (Nelson, 1994) .
Our previous results suggested that on the basis of PAS positive staining of the CS, arawana STC may indeed be glycosylated (Marra et al., 1995) . The position of the glycosylation site in arawana (Asn29-Ser30-Thr31) is common to STC across all species examined to data.
It has been noted that fish STC and mammalian STC-1 have 11 cysteine residues located in the same position (Hulova and Kawauchi, 1999) . The cysteine at position 169 is important for the establishment of a disulfide linkage between two monomers. Arawana STC, however, contains only ten cysteine residues because Cys169 is replaced by arginine (Fig. 6) . This result indicates that the arawana STC probably exists as a monomeric form, reflecting the presence of an even number of cysteine residues in the mature protein. In chum salmon, for example, the homodimeric character of STC is confirmed by establishing the intermonomeric disulfide linkage at Cys169. Five disulfide linkages, between Cys12-Cys26, Cys21-Cys41, Cys32-Cys81, Cys65-Cys95, and Cys102-Cys137, fold the peptide chain of the STC monomer into five loops (Hulova and Kawauchi, 1999) .
Western blot analysis confirmed the unusual substitution of the Cys residue and the existence of the arawana STC molecule as a monomer. In a previous study (Marra et al., 1998) , we reported three non-reduced bands (approximately 56, 61, and 64 kDa) from crude CS extracts of white sucker. Under the more carefully controlled, non-reducing conditions of the present study, the white sucker STC exists as a dimer with a molecular weight of 48 kDa (Fig. 3) . It was previously known that the monomers bonded through a disulfide bridge. Under reducing conditions, the disulfide bond between the two monomers is reduced thereby giving a single band at 29 kDa (Fig. 3 ). This compares with the 28-32 kDa diffuse band under reducing conditions reported previously (Marra et al., 1998) . However, in arawana, a single 21 kDa band was found under nonreducing conditions. This represented a single monomer since it was much smaller than the expected dimeric value. Under reducing conditions, a 24 kDa band was found (Fig. 3) . This increase in molecular weight under reducing conditions likely represented a linearization of the STC monomer through the reduction of the intramolecular disulfide bonds. Interestingly, Western blot analysis using a polyclonal anti-salmon STC or antitrout STC as the probing antibodies, previously demonstrated that an arawana STC immunoreactive protein migrated at approximately 68 kDa under non-reducing conditions (Marra et al., 1995) . Preabsorption of the salmonid STC antibodies with crude arawana CS extract abolished the immunoreactive bands (Marra et al., 1995) . In the present study, we could not detect this form. Theoretical calculations of the molecular size of arawana STC cDNA showed it to be 23.8 kDa. Since a band lower than 21 kDa did not exist under reducing conditions, this confirmed that the arawana STC exists as a monomer.
In summary, we have identified STC-like immunoreactivity in the CS and certain cells of the distal renal tubules of the arawana. However, the expression of arawana STC mRNA is confined to the CS. An explanation for the renal tubular immunoreactivity for STC requires further study. Western blotting indicates that arawana STC is a monomeric protein. Moreover, the (Butkus et al., 1987) , coho salmon (Wagner et al., 1988) , chum salmon (Yamashita et al., 1995) , mouse STC-1 (Chang et al., 1996) , human STC-1 (Chang et al., 1995) , mouse and human STC-2 (Chang et al., 1998) . Gaps (asterisks) are introduced to maximize the sequence identity. Dashes indicate amino acids identical to those of arawana STC. A common glycosylation site (positions 29 -31) is boxed. The positions of Cys residues are marked by boxes and the five common disulfide linkages are indicated. The site of inter-monomeric linkage is designated (dimer) but in arawana cysteine is replaced by arginine. deduced amino acid sequence from arawana STC cDNA shows that arawana STC lacks the cysteine residue which is essential to create the inter-monomeric disulfide linkage to produce the homodimeric protein.
The arawana STC molecule seems to be unique among the vertebrate STCs that have been studied to date. It remains to be determined whether this monomeric feature reflects the antiquity of the STC molecule (or the species) and whether it has any significance to biological activity.
